In XX female mammals a single X chromosome is inactivated early in embryonic development, a process that is required to equalise X-linked gene dosage relative to XY males. X inactivation is regulated by a cis-acting master switch, the Xist locus, the product of which is a large non-coding RNA that coats the chromosome from which it is transcribed, triggering recruitment of chromatin modifying factors that establish and maintain gene silencing chromosome wide. Chromosome coating and Xist RNAmediated silencing remain poorly understood, both at the level of RNA sequence determinants and interacting factors. Here, we describe analysis of a novel targeted mutation, Xist
INTRODUCTION
X inactivation is the dosage compensation mechanism that has evolved in mammals to ensure equal levels of X-linked gene products in females (XX) and males (XY). The master regulator of this process is a large non-coding RNA termed Xist (inactive X specific transcripts) (Brown et al., 1991; Brockdorff et al., 1991; Borsani et al., 1991) . X inactivation is initiated by the upregulation of Xist expression. This upregulation leads to accumulation of Xist RNA that can be detected by RNA fluorescence in situ hybridisation (FISH) as a large domain coating the entire X chromosome from which it is expressed (Sheardown et al., 1997; Panning et al., 1997) . Chromosome-wide transcriptional silencing rapidly ensues. The X chromosome becomes heterochromatic, exhibiting marks of transcriptionally silent chromatin such as H3K27me3 (Silva et al., 2003; Plath et al., 2003) , H3K9me2 (Heard et al., 2001; Peters et al., 2002; Mermoud et al., 2002) , H4K20me1 (Kohlmaier et al., 2004) , H2AK119u1 (de Napoles et al., 2004; Fang et al., 2004) , enrichment of the variant histone macroH2A (Mermoud et al., 1999; Costanzi et al., 2000) , and promoter CpG island methylation . The inactive X chromosome (Xi) also loses marks associated with active transcription, such as H3K4 methylation (Heard et al., 2001 ) and acetylation of the four major histones H2A, H2B, H3 and H4 (Jeppesen and Turner, 1993; Belyaev et al., 1996) .
In mouse there are two waves of X inactivation: imprinted X inactivation of the paternal X chromosome initiated in early preimplantation embryos and persisting in extra-embryonic trophectoderm and primitive endoderm lineages; and random X inactivation that occurs in cells of the embryo proper at embryonic day (E)5.5-6.5. Embryo progenitor cells in the inner cell mass of the blastocyst reverse imprinted X inactivation in order to prepare for subsequent random X inactivation (Mak et al., 2004; Okamoto et al., 2004) . Initial inactivation of the paternal X chromosome occurs as a result of a repressive imprint inherited by the maternal Xist allele, with the paternal allele being set to a default on state (Kay et al., 1994; Goto and Takagi, 2000; Tada et al., 2000) . At the onset of random X inactivation, Xist is expressed only in females and from only one of the two X chromosomes present. The mechanism regulating this is not fully understood but involves precise integration of Xist repressors (for a review, see Senner and Brockdorff, 2009 ) and activators (Barakat et al., 2010) , as well as trans-interactions of the two Xist loci. Xist expression is absolutely required for X inactivation to occur in cis. XX embryonic stem (ES) cells or female mice carrying one mutant Xist allele always inactivate the X chromosome carrying the wild-type Xist allele (Penny et al., 1996; Marahrens et al., 1997) . Further to this, Xist expression is sufficient to trigger the inactivation process. Ectopic expression of Xist cDNA transgenes leads to transcriptional silencing and establishment of the epigenetic modifications associated with the Xi chromosome (Wutz and Jaenisch, 2000; Kohlmaier et al., 2004) .
One approach to understanding how Xist carries out its silencing function has been to investigate the structure of the Xist gene (Brown et al., 1992; Brockdorff et al., 1992; Nesterova et al., 2001) . Although primary sequence conservation is poor within the Xist gene, the overall gene structure is well conserved and, in particular, the conservation of several blocks of tandem repeats, termed A-F, between mammalian species suggests that they might be involved in Xist function.
In order to establish which parts of the Xist RNA transcript are important for its function, Wutz et al. (Wutz et al., 2002 ) generated ES cell lines with inducible Xist cDNA transgenes carrying deletion of different regions of the transcript. This study concluded that only the 5Ј region of the transcript containing the A-repeats was necessary for gene silencing. Further to this, it appeared that sequences 3Ј of the A-repeats act cooperatively to localise the RNA to the chromosome but they are redundant as no single sequence is absolutely required. The function of the A-repeats was subsequently investigated in vivo using a gene targeting approach. Interestingly, deleting the A-repeats altered the regulation of the mutant Xist allele such that it was never expressed. As a consequence it was not possible to examine the functionality of an A-repeat deficient Xist in vivo (Hoki et al., 2009) .
Although transgene studies (Wutz et al., 2002) have yielded valuable information on functionally important regions of Xist RNA there are disadvantages to this approach. First, overexpression of Xist transgenes could mask subtle loss-of-function phenotypes and second, partial silencing by mutant Xist RNAs might be insufficient to cause functional nullisomy of the X chromosome, the basis of the silencing assay used by Wutz et al. (Wutz et al., 2002) , and might therefore lead to hypomorphic Xist RNA mutations being scored as unaffected. With this in mind, it is clearly important to complement transgene studies by generating mutations of the endogenous Xist locus and analysing their phenotype in vivo. The majority of knockout alleles produced to date have deleted Xist promoter sequences and have therefore ablated transcription of mutant alleles. These mutations have all resulted in primary non-random X inactivation of the wild-type allele in the epiblast of heterozygous female embryos. This is true also for the specific deletion of the A-repeats, which is not predicted to affect known Xist promoter sequences (Hoki et al., 2009) . The only exception is the targeted deletion of exon 4 that includes a highly conserved sequence predicted to form a stable stem loop structure (Caparros et al., 2002) . Surprisingly, deleting exon 4 in mice did not cause detectable effects on X inactivation, as evidenced by viability and complete absence of skewing of random X inactivation in heterozygous females. Mutant alleles produced lower levels of Xist RNA but this did not impact Xist function (Caparros et al., 2002 RNA localises to the X chromosome in cis, but at reduced efficiency, and that silencing of X-linked genes is limited.
MATERIALS AND METHODS

Gene targeting
129
Ola genomic sequences for the arms of homology were isolated from a DASHII genomic library made in house. A NotI-XhoI 9.2 kb fragment (+2189 nt to +11,382 nt relative to the Xist start site) was purified from pMLC1 phage clone and cloned into pBluescript SK + . The plasmid was digested with HpaI, which linearised the plasmid and separated the 3.8 kb 5Ј homology region from the 5.4 kb 3Јhomology region. A blunt-ended LoxP-PGKneo-LoxP cassette was then ligated into the dephosphorylated HpaI site in the vector. Plasmid DNA was digested with XhoI to accept a SalI/XhoI fragment of the diptheria-toxin A gene. The latter was used for negative selection of random integrants (Yagi et al., 1990) . The final construct pNBXT1 was linearised with NaeI and electroporated into the XistEx4del XY ES cell line as described elsewhere (Caparros et al., 2002) .
Sexing embryos
Embryos were added to embryo lysis buffer (50 mM Tris HCl pH 8, 1 mM EDTA, 0.5% Tween 20, 200 g/ml proteinase K) and incubated overnight at 55°C to lyse cells and digest proteins. The samples were then incubated at 95°C for 10 minutes to lyse any remaining cells and inactivate the proteinase K. The embryo lysate was then pipetted up and down rapidly to dissociate any remaining clumps and then spun briefly to pellet debris. The supernatant was used for the sexing PCR reaction. The sexing PCR amplifies the UBEX gene on the X chromosome as well as the homologous UBEY gene on the Y chromosome (F 5Ј-TGGTCTGGACCCAAACG -CTGTCCACA-3Ј, R 5Ј-GGCAGCAGCCATCACATAATCCAGATG-3Ј). The same primers yield a larger product from the X linked gene than from the Y. Accordingly, XX females have one band and XY males have two bands (Chuma and Nakatsuji, 2001 ). Reaction conditions were: 94°C for 4 minutes, 35 cycles of 94°C for 30 seconds, 64°C for 30 seconds, 72°C for 30 seconds, and a final 72°C for 5 minutes.
Derivation and culture of mouse embryonic fibroblasts (MEFs)
E14.5 embryos were obtained from crosses between males carrying an Xlinked GFP transgene and Xist INV carrying females. The heads and organs were removed and carcasses were transferred to 0.25% trypsin/0.04% EDTA/2% chick serum and the tissues roughly dissociated by passing them through an 18 gauge needle (BD Biosciences). The dissociated carcasses were then incubated in the 0.25% trypsin/0.04% EDTA/2% CS for 10 minutes at 37°C. The trypsin was inactivated by adding an equal volume of MEF culture medium (DMEM supplemented with 10% foetal calf serum, 100 units/ml penicillin, 100 g/ml streptomycin, 2 mM Lglutamine, 1ϫ NEAA and 50 M -mercaptoethanol). Clumps of tissue were further dissociated by passing them through a 21 gauge needle (BD Biosciences). The resulting cells were washed in fresh MEF culture medium and transferred to a tissue culture vessel at a density of roughly one embryo per 25 cm 2 . All tissue culture reagents were from Invitrogen. GFP positive and negative MEFs were sorted by fluorescence activated cell sorting (FACS) after two passages on the basis of their GFP expression level using a FACS VANTAGE SE as described previously (de Napoles et al., 2007) .
RT-PCR and northern blot
RNA was isolated from MEFs using TRIzol reagent (Sigma) according to the manufacturer's instructions. RNA was routinely treated with Turbo DNA-free reagent (Ambion) to exclude the possibility of DNA contamination. cDNA synthesis was primed from random hexamers (GE Healthcare) with Superscript III reverse transcriptase (Invitrogen). PCR was then carried out for primers located in Xist exon 1 (a, 5Ј-GTGCTGTGTGAGTGAACCTATGG-3Ј; h, 5Ј-TACACACCAGAAC -AAAG ATTGGG-3Ј; T A 65°C), in Xist exons 3-5 (e, 5Ј-CAATCCCT -ATGTGA GACTCAAGGACT-3Ј; l, 5Ј-ATTATATGGCATGAGTAGGGT -AGCAGTG-3Ј; T A 62°C), flanking LoxP in Xist INV allele (b, 5Ј-AAGT -GTTGGCATATCTGGTTCCT-3Ј; e, 5Ј-CAATCCCTATGTGAGACTCA -AGGACT-3Ј; T A 60°C) and for primers for -actin (F 5Ј-GATA -TCGCTGCGCTGGTCGT-3Ј; R 5Ј-AGATCTTCTCCATGTCGTCC-3Ј; T A 61°C). Reaction conditions were: 94°C for 4 minutes, 35 cycles of 94°C for 30 seconds, specific annealing temperature (T A ) for 30 seconds, 72°C
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Single nucleotide primer extension (SNuPE)
RNA was isolated from embryos and SNuPE was carried out for Pgk-1 (Pgk1 -Mouse Genome Informatics) and Smc1l1 (Smc1a -Mouse Genome Informatics) as described previously Mak et al., 2004) . A novel polymorphism present in PGK strain mice was identified in Gla (A to G at position 725 nt in exon 3, transcript ENSMUST00000033621 in Ensembl Mouse database based on the NCBI m37 mouse assembly). Nested RT-PCR was performed in order to generate enough PCR product for SNuPE analysis. Primers for the first round of RT-PCR were Gal18e (5Ј-CAGATCCCCAACGCTTTCCTA-3Ј, exon 2) and Gal19e (5Ј-AGCGACTTCAACAATCTCCTTCTG-3Ј, exon 5) nested with Gal20e (5Ј-TAGGGATTTATGCAGATGTTGG-3Ј, exon 3) and Gal22e (5Ј-AATGCTTCGGCCTGTCCTGTT-3Ј, exon 4). The conditions for the first round and nested PCR were: 94°C for 30 seconds, 59°C for 30 seconds, 72°C for 30 seconds for 17 and 32 cycles, respectively. The SNuPE primer was SGal4 (5Ј-GATGGTTGTCACTGTGACAGTGT-3Ј) and SNuPE conditions were: 94°C for 1 minute, 60°C for 1 minute, 72°C for 4 minutes. To account for differences in specific activities of radionucleotides and compensate for the incorporation of two G nucleotides into the PGK allele versus one A into 129 allele, SNuPE bands were normalised to those generated from genomic PCR of 129ϫPGK F1 females (Gal16i, 5Ј-CTTCCTGGTTGGTTTCCTATTG-3Ј, intron 2; Gal17i, 5Ј-GGTTGGAAAGAGCGAACAGAT-3Ј, intron 3; 94°C for 30 seconds, 59°C for 30 seconds, 72°C for 30 seconds for 32 cycles). Bands were quantified on a Typhoon FLA 7000 Biomolecular Imager (GE Healthcare).
Immunofluorescence E6.5 embryos were obtained from crosses between wild-type females and males carrying an X-linked GFP transgene and the Xist INV allele or wildtype Xist allele. Females were identified by GFP expression. Embryonic and extra-embryonic parts were separated. For each litter, embryonic parts were pooled together and extra-embryonic parts were pooled together. These pools were washed in PBST and then added to trypsin. They were incubated for 15 minutes at 37°C. An excess of MEF culture medium was added and the embryos were broken up into single cells and small clumps by vigorous pipetting. The cell suspension was then cytospun onto Superfrost slides (VWR). Immunofluorescence was then carried out as described previously . Scoring of immunofluorescence experiments was carried out on at least 100 cells in all experiments.
RNA FISH
Digoxygenin-11-dUTP (DIG)-labelled DNA Xist probes were generated by nick-translation from a plasmid containing the entire Xist cDNA sequence, using a DIG nick-translation mix (Roche) according to the manufacturer's instructions. Metaphase spreads were prepared as described previously (Duthie et al., 1999) and RNA FISH was then carried out as described previously (Nesterova et al., 2008) . For whole-mount RNA FISH, embryos were obtained as for immunofluorescence. RNA FISH was then carried out as described previously (Nesterova et al., 2008) . Images were acquired on a Leica TCS SP5 confocal microscope using LAS AF software.
RESULTS
Generation of a targeted inversion in Xist exon 1
Comparison of Xist cDNA sequences from mouse and human at high stringency reveals conservation in only a limited number of short regions (Fig. 1A) . In addition to exon 4 and the A-repeats, both of which have been functionally analysed in previous studies (Caparros et al., 2002; Wutz et al., 2002; Chaumeil et al., 2006; Hoki et al., 2009) , high sequence conservation occurs over a region of ~3 kb beginning 6 kb downstream of the transcriptional start site in the large exon 1 (highlighted in red in Fig. 1A , right panel). To determine the importance of this region in native Xist RNA transcripts we used homologous recombination in ES cells to engineer an inducible inversion of the conserved exon 1 sequence through to intron 5 (Fig. 1B-D) . A loxP site was targeted 6 kb upstream of the transcriptional site in XY ES cells and in the 1543 RESEARCH ARTICLE Xist RNA localisation (Rice et al., 2000) . Two sets of parameters with different stringencies were used to demonstrate overall homology between two sequences (window size 50, threshold 45) or to highlight longer stretches with high homology (window size 150, threshold 95). Exon structure for each transcript is shown above (mouse) or alongside (human) the dotplots. Mouse intron 7, which contributes to a proportion of splice variant transcripts, is shown as a white box. Exon 4, the most conserved region, is shown in blue on the schematic and encircled in blue on the dotplot. The region of inversion is indicated with red bracketed arrows and encircled in red on the dotplot. Note the extended homology over the whole region of the inversion. (B)A schematic representation of the previously targeted Xist allele with a deletion of exon 4 (Xist ex4 ) (Caparros et al., 2002) opposite orientation to a loxP site present in the parent cell line XistEx4del in which Xist exon 4 had previously been deleted (Caparros et al., 2002 Fig.   2A , expression of the Xist INV allele was detected but at a significantly reduced level relative to the wild-type allele. This observation suggested extreme non-random X inactivation of the X chromosome carrying the wild-type Xist allele. Skewed Xist INV expression could result from primary nonrandom X inactivation at the time X inactivation is initiated (~E5.5-6.5), or alternatively from secondary non-random X inactivation in which cells expressing the Xist INV allele are selected against subsequent to the onset of random X inactivation. To address this, we crossed heterozygous Xist INV females with males carrying an Xlinked GFP transgene (XGFP) and a wild-type Xist allele. The GFP transgene is located on the proximal part of the X chromosome and has previously been shown to undergo silencing both in imprinted X inactivation in extra-embryonic lineages and in random X inactivation in the embryo (Hadjantonakis et al., 1998; Hadjantonakis et al., 2001) . Primary non-random X inactivation is predicted to lead to absence of GFP in both extra-embryonic and embryonic cells immediately following initiation of random X inactivation (E5.5-6.5). Conversely, in secondary non-random X inactivation loss of GFP expression is predicted to occur more gradually in cells of the embryo proper, the rate of loss being determined by the degree to which dosage compensation is compromised. XX embryos with a maternally inherited Xist INV allele exhibited progressive loss of GFP expressing cells between E6.5 and E14.5, consistent with secondary non-random X inactivation. Figure 2B shows representative embryos at E8.5 where significant GFP expression is seen throughout the embryo and at E11.5 where GFP expression is restricted to the heart. FACS analysis of MEFs from E14.5 embryos identified a small proportion (1-10%) of GFP positive cells (Fig. 2C,D) . We carried out RT-PCR on sorted populations using primer pairs to detect expression of wild-type and Xist INV RNAs. As a control we analysed MEFs expressing the Xist ex4 allele (Caparros et al., 2002) . Using primers flanking one of the break points in the Xist INV allele we confirmed that only the GFP positive MEFs express this allele (Fig. 2E) . Primers (located in exon 3 and exon 5) that are specific for the wild-type allele amplified products of the predicted size from both the GFP negative MEFs and the Xist ex4 fibroblasts and, as expected, did not amplify a product from the Xist INV allele.
Primers located in exon 1, upstream of the inversion, detected transcripts in all samples. A full RT-PCR analysis of Xist INV transcripts using primers across the locus is shown in Fig. S1 in the supplementary material. mutation does not affect X inactivation (Caparros et al., 2002) various gestational timepoints. The morphology and size of all embryos in a litter was noted and then PCR was carried out to determine the sex of each embryo. Examples are shown in Fig. 3 . Xist INV female embryos were indistinguishable from their wild-type male littermates at E6.5 but appeared growth retarded as early as E7.5 (Fig. 3) . At E8. during the first half of gestation and in particular the failure to develop a placenta is likely to be due to a failure of imprinted X inactivation in the extra-embryonic tissues where only the paternally inherited Xist INV allele is expressed. However, the embryonic phenotype observed was not as severe as that noted previously in studies analysing a null allele, dXist (Marahrens et al., 1997) . and analysed GFP expression in tissues that undergo imprinted X inactivation. As shown in Fig. 4A , E3.5 blastocyst stage embryos, in which all cells have undergone imprinted X inactivation, have high levels of GFP expression relative to wild-type controls. There was, however, some variability between embryos and between patches of cells within each individual embryo and overall GFP expression levels appeared lower than in E3.5 embryos, in which XGFP is located on the active maternally derived X chromosome ( Fig. 4A; arrowhead) . We also analysed E6.5 embryos (Fig. 4B) Gla and Smc1l1, for which there are known polymorphisms (Fig.  4C,D) . As expected, in wild-type embryos expression of Pgk-1 and Gla was predominantly from the maternally derived allele. Only very low levels of paternally derived transcripts were detected, reflecting the inactive state of the paternally inherited X chromosome. In Xist INV carrying embryos, however, significantly more expression was detected from the paternally derived allele (Student's t-test, P<0.005 for Pgk-1 and Gla) indicating that the process of imprinted X inactivation is indeed impaired. Although we cannot rule out that a proportion of cells in the Xist INV blastocyst have reversed imprinted X inactivation patterns and then proliferated under selection, we consider this to be unlikely both because failure to develop a placenta argues against significant rescue and because reversion of imprinted X inactivation under selective pressure was not observed in previous studies using null Xist alleles (Marahrens et al., 1997) . In wild-type embryos it appeared, as previously reported, that Smc1l1 is only partially inactivated at this stage (Mak et al., 2004 (Silva et al., 2003; Plath et al., 2003; de Napoles et al., 2004; Fang et al., 2004) . E6.5 XX embryos carrying either a wild-type or Xist INV allele on the paternal X chromosome were analysed by immunofluorescence using antibodies specific for H3K27me3 and H2AK119u1 (Fig. 5) transcript levels are lower than wild-type Xist RNA (see Fig. S2A RESEARCH ARTICLE Xist RNA localisation INV allele. RNA FISH on female embryos collected at E6.5 reveals Xist RNA (green) coating of the inactive X chromosome throughout the whole of the wild-type female embryo (left panel) and in the increased magnifications of the epiblast (epi) and ectoplacental cone (epc) (middle right panels). Xist RNA coating can be seen at levels comparable to wild type in the Xist INV epiblast only (middle left and bottom right panels). In the extra-embryonic part of the embryo the domains appear smaller and weaker (middle left and top right panels). . DNA was counterstained with DAPI (blue).
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Silencing of X-linked genes is compromised in cells expressing
